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Abstract 
Journal bearings are used in a large number of critical positions in automotive internal combustion engines (ICE) and contribute a 
major contribution to the total friction power losses in these engines. Due to the worldwide effort to reduce CO2 emissions, 
automotive manufacturers investigate the remaining potential for friction reduction also in the journal bearings, which leads to 
severe operating conditions due to the lower viscosity lubricants. At the same time modern ICEs utilize higher combustion 
pressures for increased thermodynamical efficiency, which imposes further stress on the journal bearings. These reasons motivate 
in addition the accurate and reliable simulation of the operating conditions and friction power losses in journal bearings.Within 
this work, the lubrication of journal bearings is investigated in detail starting from an extensive thermo-elastohydrodynamic 
(TEHD) simulation, which yields important insights into the thermodynamical behavior of journal bearings. From these results a 
powerful isothermal elastohydrodynamic (EHD) simulation model using a simple approach to calculate equivalent temperature is 
derived. The capabilities of the presented simulation methods are compared to extensive experimental measurements performed 
on a journal bearings test-rig, which show excellent agreement. 
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Nomenclature 
ICE internal combustion engine 
EHD elastohydrodynamic approach 
TEHD thermoelastohydrodynamic approach 
LP06 name of used journal bearing test-rig 
Greek symbols 
Ș dynamic viscosity of the lubricant (Pa.s) 
J shear rate (1/s) 
G boundary layer thicknesses(m) 
ȝBound boundary friction coefficient 
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1. Sources of friction in automotive engines 
Before any efficient measures to reduce friction in engines can take place, the main friction sources need to be 
known. At the Virtual Vehicle Competence Center, we use our friction test-rig as shown in Fig. 1(a) to investigate 
the sources of friction for a typical four cylinder gasoline engine; exemplary results for this engine are shown in Fig. 
1(b). The chart confirms the commonly regarded main sources of friction: the piston-liner contact is the cause for 
about 60% of the total mechanical losses, while the journal bearings in the crank train (main and big end bearings) 
contribute together about 25%. Finally, the valve train represents the third main source of friction and typically 
causes losses that equal roughly about the half of the power losses in the journal bearings, or, more precisely, 15% 
of the total power losses shown in Fig. 1(b). These results differ significantly from the results for special single 
cylinder research engines [6], which shows the importance of measuring the actual engine to be investigated. 
(a) (b)  
Fig. 1. (a) Picture of the friction test-rig available at the virtual vehicle competence center with engine under test; (b) Exemplary results obtained 
from the friction test-rig for an inline four cylinder gasoline engine (see also [1]) 
2. Tribological operating conditions in journal bearings 
2.1. The lubricant 
Modern lubricants as they are used in ICEs show a complex rheological behavior, where the lubricant’s dynamic 
viscosity strongly depends on temperature, pressure and shear rate in the contact [7]. To be able to simulate 
accurately the tribological working conditions in the journal bearings, these lubricant properties need to be taken 
into account [4-5]. The lubricant data that are used to obtain the results presented here are published in [2-3]. In this 
work we focus on monograde lubricants that do now exhibit the strong shear rate dependency of multi grade 
lubricants. Therefore, only the temperature and pressure dependence of the lubricants needs to be taken into account 
[2-3]. 
2.2. Mixed lubrication 
To be able to describe mixed lubrication, a contact model is needed that describes occurring metal metal contact. 
In the following the Greenwood and Tripp approach is used together with roughness data that were obtained from 
profilometer roughness measurements of the tested journal bearings (see [3] for a detailed discussion). 
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Modern engine oils include friction modifying additives like zinc dialkyl dithiophosphate (ZDTP) or 
Molybdenum based compounds to lower friction and wear in case metal-metal contact occurs [8]. For the 
Greenwood and Tripp contact model [9] we employed, therefore, in the following a boundary friction coefficient of 
ȝBound = 0.02. 
2.3. Simulation of the oil-film and experimental validation 
The Reynolds equation is the central differential equation to describe the lubricant and calculate the properties of 
the lubricating film separating the elastic bodies. In its basic form the Reynolds equation treats the lubricating film 
as isothermal and does not account for locally different temperatures (elastohydrodynamic simulation, EHD). 
Combining the Reynolds equation with the energy equation together with suitable thermal boundary conditions 
yields the thermoelastohydrodynamic approach (TEHD), which is considerably more complex due to the involved 
thermal boundary conditions and is, therefore, also numerically much more demanding. Of course a considerable 
number of previous works exist in literature to these methods and to journal bearings in general. To stay within the 
page limit an extensive list is not reproduced here, but the authors would like to direct the reader for these references 
to the original works [1-4]. 
In the following, only results are discussed as the mentioned methods together with lubricant data, thermal 
boundary conditions, contact model parameters and surface contours are published in detail in [1-4]. 
(a) (b)  
Fig. 2. (a) plot of the dynamic load cycle with a peak load of 180kN discussed in this work; (b) the journal bearing test-rig of MIBA† used to 
obtain the experimental data; it consists of three journal bearings: the actual test bearing on which the dynamic load of Fig. 3 is applied and the 
two support bearings that carry the journal (see also [1-4]) 
 
It is the aim of this work to compare the results from simulation to experimental measurements from the journal 
bearing test-rig LP06 (see Fig. 2.(b)), consequently, journal bearings with a diameter of 76mm and a width of 34mm 
are considered. A dynamic (sinusoidal) load with a peak load of 180kN is applied to the test bearing with a fixed 
frequency of 100Hz. 
 
2.4. Insights from TEHD 
With carefully chosen thermal boundary conditions on the ground of physical arguments ([2] and references 
therein, in particular [10]), it is indeed possible to accurately simulate the different local temperatures in journal 
bearings. Fig. 3 shows an exemplary result from simulation in direct comparison to temperatures measured on the 
journal bearing test-rig LP06. It is notable that not only the peak temperature in the high load area of the journal 
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bearing, but also the oil outflow temperature (which is directly related to the friction power losses in the bearing) is 
accurately calculated. As one can see from Fig. 3, a significant temperature gradient is present ranging from 82°C 
from the incoming lubricant to 108°C of the oil film in the high load zone.  
However, it is worthwhile to mention that the local temperatures change only very slowly, which allows to treat 
them as essentially constant over the entire load cycle. This thermal behavior can be seen in Fig. 6, where the peak 
temperatures in the journal bearing are shown over the entire load cycle (as shown in Fig. 3) for different operating 
conditions. The peak temperature in the high load area of the bearing changes only a few single degrees Celsius 
during the load cycle. This stable thermal behavior can be used in the following to derive a considerably simpler 
isothermal EHD-simulation model that is very powerful and describes accurately the friction power losses including 
metal metal contact for a large range of operating conditions from full film lubrication up to weak mixed lubrication. 
(a)     (b)  
Fig. 3. (a) A plot of the local temperatures of the oil film and of the surrounding structure (separated by a thin white line) of the journal bearing 
for a rotational speed of 2000rpm of the journal, lubricated with SAE40 and a dynamical load with a peak force of 180kN; LP06 denotes the 
temperatures measured on the journal bearing test-rig LP06 shown in Fig. 4. TExp of Eq. (1) corresponds to 108°C and Toil supply to 83.2°C in this 
case, which yields an equivalent temperature TEHD of 101.8°C for the EHD-simulation.  (b) calculated peak temperatures over an entire load cycle 
for three different journal bearing operating conditions, shown as green dashed line for a journal speed of 2000rpm and lubricated with SAE40, as 
red dotted line with a journal speed of 4500rpm and lubricated with SAE40 (this case corresponds to Fig.5) and shown as blue solid line for a 
journal speed of 2000rpm and lubricated with SAE20. 
From the TEHD-results following simple relation for an equivalent temperature can be derived [2] to take into 
account in the EHD-simulation the temperature gradient in the journal bearing, 
 
              (1) 
Where TExp denotes the measured bearing shell back temperature in the high load area of the journal bearing and 
Toil supply is the temperature of the cool supplied oil. This simple formula yields an equivalent temperature used in the 
EHD-simulation of the journal bearing that is conveniently calculated from two measured temperatures of the test-
rig. As can be seen from the equation, the dominating temperature is the temperature in the high load area of the 
journal bearing which is corrected to consider the cool lubricant in the oil supply groove with its considerably larger 
viscosity. It is important to note that above relation is valid for journal bearings with a 180° oil supply groove only; 
these are commonly used as e.g. main bearings in ICEs to carry the crank shaft. 
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2.5. An equivalent EHD-simulation of the journal bearing 
In a next step, the oil film is simulated using the basic, isothermal form of the Reynolds equation [2] using the 
same contact model and using Eq. (1) to derive an equivalent lubricant temperature. From Fig. 3.(a) the required 
temperatures can be obtained, in particular TExp of Eq. (1) corresponds to 108°C and Toil supply to 83.2°C in this case, 
which yields an equivalent temperature TEHD of 101.8°C used in the EHD-simulation. 
In the following the average torque needed to motor the three journal bearings (the test bearing and two support 
bearings) at a given journal speed is used to compare the results from simulation to the measured data; this so called 
friction moment is averaged over the entire load cycle (as shown in Fig. 3.(a)) due to experimental limitations. 
Fig. 4.(a) and Fig.4.(b) show the comparison of the calculated friction moment with the measured friction 
moment on the journal bearing test-rig LP06 for two different journal speeds and two different lubricants.  The 
results demonstrate clearly that the simulations are not only able to accurately calculate the friction power losses in 
journal bearings, but also that an EHD-simulation with the discussed equivalent temperature is a valid and very 
accurate approximation for a full TEHD-simulation at least for full film and weak mixed lubrication. 
 
(a)      (b)  
Fig. 4. (a) Plot of the friction moment averaged over the entire load cycle for a dynamic peak load of 180kN and lubricated with SAE20; (b) Plot 
of the friction moment averaged over the entire load cycle for a dynamic peak load of 180kN and lubricated with a SAE40 lubricant. LP06 
denotes the value measured on the friction test-rig together with the measurement uncertainty shown as bars. TEHD and EHD denote the values 
obtained from simulation by either using the TEHD approach and the EHD approach with the equivalent temperature from Eq. (1), respectively. 
As SAE20 oil has about half the viscosity of SAE40 (see [2]), the operating conditions in the journal bearings are 
distinctly different. The difference in viscosity affects the load carrying capacity of the journal bearing which is 
consequently reduced for lubrication with SAE20 and weak mixed lubrication occurs. This can be seen in Fig. 9 
where the friction power losses due to hydrodynamic lubrication and due to metal-metal contact are shown 
separately for the test bearing. As only during a short time of the load cycle metal-metal contact occurs, the load 
cycle averaged contribution of metal-metal contact to the total friction power losses appears rather low with 5W 
despite that significant amounts of metal-metal contact occur. 
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(a)     (b)  
Fig. 5. (a) The contributions of hydrodynamic lubrication (denoted as HD) and of metal-metal contact (denoted as AC) to the total friction power 
losses in the test journal bearing for a journal speed of 2000rpm and lubrication with SAE20. (b) The contributions of hydrodynamic lubrication 
(denoted as HD) and of metal-metal contact (denoted as AC) to the total friction power losses in the test journal bearing for a journal speed of 
2000rpm/4500rpm and lubrication with SAE40. TEHD and EHD denote the values obtained from simulation using the TEHD approach and the 
EHD approach using the equivalent temperature from Eq. (1), respectively. 
2.6. Conclusion 
With the aid of experimental data, it is shown that a TEHD-simulation model with suitable thermal boundary 
conditions is able to accurately predict the local temperatures and the average friction power losses in the oil film 
and in the journal bearing. From the results it is found that the thermal behavior of the oil film is very stable and 
even the peak temperature in the journal bearing changes only by very few degrees Celsius during the load cycle 
despite the very high and dynamic load. From this insight, a relation for an equivalent temperature to be used for the 
isothermal EHD simulation of journal bearings with a 180° oil supply groove is derived. By comparison to 
experimental data this approach shows excellent agreement and the validity of the approach for full film lubrication 
and for weak mixed lubrication is confirmed. For operating conditions with further increased amounts of mixed 
lubrication, however, it is expected that local heating due to metal-metal contact will become significant and could 
make a full TEHD-simulation necessary. For the investigated operating conditions with only small amounts of 
mixed lubrication, the presented EHD-approach with the equivalent temperature is accurate and allows to study the 
tribological conditions in the journal bearing. 
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